Introduction
Polyploidy offers unique opportunities to study the responses of plant genomes to abiotic stress in duplicated copies within the same nucleus. The duplication sets in motion a spectrum of evolutionary responses, one of which is the greater fitness/wider genetic adaptability and tolerance of polyploid plants to environmental stresses than in their diploid counterparts (Xiong et al., 2006; Van Laere et al., 2011) . Grass pea (Lathyrus sativus L.) is a hardy cool-season legume crop (Basaran et al., 2011) and has been widely used for both forage and food (Talukdar, 2009a; Basaran et al., 2011) . The crop is strictly diploid, having 2n = 2x = 14 chromosomes in its diploid complement (Battistin and Fernádez, 1994; Talukdar, 2009b Talukdar, , 2010a , and stress responsiveness has been studied mainly on diploid genotypes (Talukdar, 2012b (Talukdar, , 2013a (Talukdar, , 2013d . Although the effects of polyploidization and genome obesity on the capacity of antioxidant defense molecules have been tested in different plants (Niwa and Sasaki, 2003; Li et al., 2011) , no such reports are available in crop legumes. Higher chromosome ploidy has recently been introduced in grass pea (Talukdar, 2010b) , and with an active antioxidant system (Pastor-Cavada et al., 2009) , grass pea can serve as excellent material to ascertain crop sensitivity to metal toxicity at elevated ploidy levels.
The heavy metal cadmium (Cd) is readily taken up by plants, and it negatively interferes with growth and biomass accumulation by inducing oxidative stress through generation of excess reactive oxygen species (ROS) including H 2 O 2 (Namdjoyan et al., 2012; Tian et al., 2012; Pérez-Chaca et al., 2014) . Superoxide dismutase (SOD), ascorbate (AsA)-dependent ascorbate peroxidase (APX), MDHA-reductase (MDHAR), dehydroascorbate (DHA)-reductase (DHAR), NADPH-dependent glutathione (GSH) reductase (GR), and catalase (CAT) constitute the primary enzymatic defense for detoxification of ROS (Noctor et al., 2011) . The balance between oxidized and reduced forms of both AsA and GSH is crucial in modulating the ROSantioxidant interactions as it ultimately determines plant growth and development (Mittler et al., 2004; Talukdar, 2012a; Talukdar and Talukdar, 2014a) .
Cytogenetic assays have been widely used to monitor cytogenotoxic and mutagenic potential of different heavy metals, including Cd (Ünyayar et al., 2006; VenturaCamargo et al., 2011) . Characterized by rather homogenous meristematic cells, easy chromosome preparations, and rapid screening of karyological abnormalities, grass pea is ideal for the screening of heavy metals' effects on plants at the cytogenetic level. Furthermore, the emergence of DNA base-specific fluorescent banding has allowed an in-depth analysis of the GC-and AT-rich regions within individual chromosomes and is useful for monitoring intrinsic genomic changes in response to environmental pollutants (Prashant and Girjesh, 2010; Ventura-Camarago et al., 2011) . Although Cd is considered as a potent mutagenic agent, nothing is known about its effect on plant genomes with higher ploidy. Both autotetraploid and triploid lines have been developed in grass pea (Talukdar, 2010b (Talukdar, , 2012c , providing an excellent opportunity to investigate plants' intrinsic responses to metal stress at different ploidy levels. The main objectives of present work were to: 1) ascertain roles of nuclear ploidy in modulating antioxidant defense response, and 2) assess chromotoxic/genotoxic damage in response to Cd treatment at 3 different ploidy levels: diploid, triploid, and tetraploid. To elucidate this, I studied mitotic chromosomal behavior and activities of SOD, APX, MDHAR, DHAR, GR, and CAT, along with redox states of both AsA and GSH and the H 2 O 2 and membrane lipid peroxidation levels in roots of grass pea genotypes. DNA base-specific fluorescent chromosome banding was employed to monitor the changes in the GC/AT-rich region and chromosome breakage in response to Cd treatment.
Materials and methods

Plant materials and treatment protocols
Dry and uniformly sized seeds of grass pea variety 2n = 2x = 14) , an induced autotetraploid line (2n = 4x = 28), and a triploid population (2n = 3x = 21) derived from diploid × tetraploid crosses (Talukdar, 2010b (Talukdar, , 2012c were sterilized in 2% sodium hypochlorite for 1 h, thoroughly rinsed in sterile distilled water, soaked in distilled water for 12 h, and germinated on moist filter papers at 25 °C in the dark. Germinated seedlings were randomly placed in polythene pots (12 cm in height and 10 cm in diameter, 10 plants pot -1 ) containing 200 mL of Hoagland's No. 2 nutrient medium, and were allowed to grow for 7 days. The media were then either not supplemented (0 µM as control) or supplemented with 4 different concentrations (5, 10, 25, and 50 µM) of CdCl 2 . The number of plants per pot was then thinned to 2 and plants were allowed to grow for another 7 days. Nutrient solution was refreshed every other day. Seedlings were placed in a growing chamber with a 14-h photoperiod at 25 °C, with humidity of 70% and a photon flux density of 200 µmol m -2 s -1 and a randomized block design in 6 replicates per treatment. Roots were harvested after 7 days of treatment and thoroughly washed, and length was measured. Roots were oven-dried until constant weight and the dry weight in control and treated plants was measured.
Assay of antioxidant enzyme activities and ascorbate and glutathione content in roots
Fresh roots were collected 7 days after treatment from control and Cd-treated genotypes and were used for biochemical analysis. A pool of samples from 6 plants for each line was collected, and 6 independent experiments were performed. All operations were done at 0-4 °C unless otherwise stated. Samples (1 g) were ground with a mortar and pestle and homogenized in an extraction medium containing 50 mM K-phosphate buffer (pH 7.8), 0.1 mM EDTA, 2 mM cysteine, 1% w/v PVP-10, and 0.2% v/v Triton X-100. Soluble protein content was determined according to Bradford (1976) using bovine serum albumin as the standard. For the APX (EC 1.11.1.11) activity, 20 mM AsA was added to the extraction buffer. The extracts were filtered through 2 layers of cheesecloth, and the homogenate was centrifuged at 14,000 × g for 20 min at 4 °C. The supernatant fraction was filtered through a column containing 1 mL of Sephadex G-50 equilibrated with the same buffer used in homogenization. The H 2 O 2 -dependent oxidation of AsA was followed by a decrease in the absorbance at 290 nm with extinction constant 2.8 mM -1 cm -1 (Nakano and Asada, 1981) . SOD (EC 1.15.1.1) activity (unit min -1 mg -1 protein) was determined by the nitro-blue tetrazolium (NBT) photochemical assay (Beyer and Fridovich, 1987) . The reaction mixture (3 mL) contained 50 mM phosphate buffer (pH 7.8), 13 mM methionine, 75 µM NBT, 0.1 mM EDTA, 2 µM riboflavin, and 0.1 mL of enzyme extract. One unit of SOD was defined as the amount of protein causing a 50% NBT photoreduction. MDHAR (EC 1.6.5.4) activity was measured spectrophotometrically, following the decrease in absorbance at 340 nm due to NADPH oxidation using an absorbance coefficient of 6.2 mM -1 cm -1 (Miyake and Asada, 1992) . DHAR was extracted with 50 mM K-phosphate buffer (pH 7.8), 1% PVP-10, 0.2 mM EDTA, and 10 mM β-mercaptoethanol. DHAR activity was determined following AsA formation at 265 nm (ε = 14.1 mM -1 cm -1 ) for 3 min (Nakano and Asada, 1981) . GR was extracted with the same medium as was DHAR but without β-mercaptoethanol and with 0.1% Triton X-100, and its activity was measured by monitoring GSH-dependent oxidation of NADPH at 340 nm (ε = 6.22 mM -1 cm -1 ) for 3 min (Dalton et al., 1993) . For CAT (EC 1.11.1.6) activity, the reaction mixture contained 1.5 mL of 0.05 M Na-phosphate buffer (pH 7.8), 1.0 mL of deionized water, 0.3 mL of 0.1 M freshly prepared H 2 O 2 , and 0.2 mL of enzyme extract. CAT activity (nmol min -1 mg -1 protein) was assayed at 240 nm (ε = 39.4 M -1 cm -1
) (Zhang et al., 2009) . AsA and GSH contents were measured according to Law et al. (1983) and Griffith (1985) , respectively. AsA and GSH redox state was calculated as AsA/(AsA + DHA) and GSH/(GSH + GSSG), respectively. ; Saher et al., 2004) . Electrolyte leakage (EL %) was assayed by measuring the ions leaching from tissues into deionized water (Dionisio-Sese and Tobita, 1998).
Determination of Cd content
Plant samples were carefully washed with deionized water and oven-dried at 105 °C for 6 h followed by 60 °C for 24 h. Dried samples were ground to a fine powder using a porcelain mortar and pestle, and then 1 g per sample was digested by a 4:1 (v/v) HNO 3 -HClO 4 mixture in a microwave system. Cd concentration was determined using an atomic absorption spectrophotometer (PerkinElmer, Analyst 300) following the manufacturer's instructions and keeping a standard reference material of tomato leaves [Item No. 1573a from the National Institute of Standards and Technology (NIST), USA] as part of the quality assurance/quality control protocol. The certified value of Cd concentration and my measured concentration (mg kg -1 dry weight) of the tomato leaves were 1.52 ± 0.04 and 1.65 ± 0.09 (n = 8), respectively, showing good correlation (r = 0.82) between the certified value (NIST) and the measured value. 2.5. Cytological study Mitotic index (MI) was studied on freshly germinated roots untreated or treated with Cd (5, 10, 25, and 50 µM) for 3, 5, and 7 days (about 3000 cells per time of exposure). Fifteen roots per treatment (5 per replicate) were cut and fixed in absolute ethanol and propionic acid (2:1) overnight (Talukdar, 2010b (Talukdar, , 2010c . Fixed root tips were hydrolyzed in 1 N HCl for 9 min at 60 °C at the end of each time interval (24 h). Staining was done with 2% acetoorcein solution for 1 h and they were squashed in 45% acetic acid (Talukdar, 2010c) . The E 50 value (time required to reach 50% emergence of seedlings) was calculated following Farooq et al. (2005) .
MI was determined by counting the number of mitotic cells among the total number of scored cells and was expressed as a percentage. At least 3000 cells per time of exposure (24, 48, and 72 h) were scored. Mitotic phase distribution was studied by scoring frequencies of prophase, metaphase, anaphase, and telophase from the same slides from which MI was calculated. The phase indices [prophase index (PI), metaphase index (MtI), anaphase index (AI), and telophase index (TI)] were determined by calculating the number of cells in the respective phase among the number of total dividing cells and were expressed as percentages. Mitotic aberrations were recorded from squash preparations for each treatment at each ploidy level and were expressed as percentage of total cells scored. In all cases, clear and well-scattered plates were scored and photographed. For the analysis of micronuclei (MNs), a total of 2000 cells per ploidy were scored to calculate frequency following the criteria of Ünyayar et al. (2006) with slight modification for grass pea. MNs should: 1) be one-fourth the diameter of the main nucleus; 2) be on the same plane focus; 3) be oval or round-shaped; and 4) be clearly separated from the main nucleus.
Fluorescent banding was carried out following the methods of Talukdar (2010c) with some modifications. All the experiments were carried out in triplicate, and a total of 10 slides both per concentration tested and per treatment duration were prepared. Root tips were dissected and squashed with 45% acetic acid on glass slides. The coverslips were removed quickly on dry ice and the slides were allowed to air-dry for at least 48 h before study. The airdried slides were first preincubated in McIlvaine's buffer (citric acid-disodium hydrogen phosphate, pH 7.0) for 30 min followed by distamycin A (0.1 mg/mL) for 10 min. The slides were then rinsed carefully in McIlvaine's buffer supplemented with 5 mM MgSO 4 for 12 min. One drop of chromomycin A3 (CMA) (0.1 mg/mL) was added to the materials, and after waiting for 12 min, slides were rinsed with McIlvaine's buffer with MgSO 4 for 8 min. Slides were then mounted in 50% glycerol and kept at 4 °C overnight before study. The CMA-banded chromosome was observed under a fluorescent microscope using a BV filter cassette. For 4' ,6-diamidino-2-phenylindole (DAPI)-staining, slides were rinsed with distilled water, destained using 45% acetic acid for 15 min, again washed in distilled water, and air-dried overnight. Destained preparations were then treated with 0.2 mg/mL actinomycin D in McIlvaine's buffer at pH 7.0 and stained in 0.1 µg/mL DAPI solution for 15 min. After mounting in 50% glycerol, slides were observed under a fluorescence microscope using a UV filter cassette. The sum total of AT-and GC-rich regions (%) of all chromosomes was measured with Adobe image analyzing software v. cs3 (Adobe Corporations, USA) from 5 metaphase plates per ploidy per treatment using the following formula (Talukdar, 2010c) :
Mean length of CMA/DAPI-stained region (µm) of all chromosomes × 100. Total (mean) length of chromosomes (µm)
Statistical analysis
All values are means (±SE) of at least 6 independent experiments. Means were compared by one-way analysis of variance using SPSS 10 (SPSS Inc., USA) followed by Duncan's multiple range test. Significant differences (P < 0.05) from the control were ascertained by simple t-test employing 2007 Microsoft Excel 'data analysis' software.
Results
The toxic effects of Cd on growth of grass pea roots varied significantly (P < 0.05) at 3 ploidy levels across concentrations and durations of treatments. This effect was manifested by significant reduction of root length and dry weight in the diploid cultivar, the degree of which increased in a dose-dependent way with increasing treatment duration ( Figure 1A-F) . In contrast, growth of treated tetraploid roots was similar to growth of the control, and a dose-dependent inhibition of length and dry mass of triploid root was recorded at 25 and 50 µM only after 7 days ( Figure 1A -F).
Accumulation of Cd in roots of diploids, triploids, and tetraploids increased significantly over the control but at different magnitudes with elevated concentrations (Figure 2) . The highest Cd level was estimated at 50 µM in tetraploids, followed by triploids and diploids ( Figure 2 ).
Enzyme activities were usually higher in triploid and tetraploid roots compared to diploid roots ( Figure 3A-F) . However, significant (P < 0.05) increase (2-to 4-fold) in SOD activity and decline in APX and GR levels was observed in diploid roots across 10-50 µM Cd ( Figure 3A , B, E). No significant alteration was observed in activities of MDHAR, DHAR, and CAT between control and treated ) of diploid, triploid, and tetraploid genotypes of Lathyrus sativus after A, D-3 days, B, E-5 days, C, F-7 days of CdCl 2 treatment (0, 5, 10, 25, and 50 µM). Error bar represents means ± SE (n = 6). Different small letters denote significant differences by ANOVA followed by Duncan's multiple range test at P < 0.05. diploid roots. In triploid roots, APX, MDHAR, DHAR, and GR registered a sharp increase (2-to 6-fold) up to 10 µM but decreased significantly from 25 µM ( Figure 3B -E). SOD and CAT activity exhibited a 2-fold increase over the control from initial doses, and the level was maintained throughout the treatment levels ( Figure 3A, F) . In tetraploid roots, SOD activity was consistently higher than in the control while activities of APX, MDHAR, DHAR, and GR changed nonsignificantly and the CAT level was reduced only at 50 µM ( Figure 3B-F) .
The H 2 O 2 and MDA contents were considerably higher (about 2-to 4-fold) in diploid roots across 10-50 µM and in triploids at 25 µM Cd ( Figure 4A-B) . A similar trend was noticed for EL % ( Figure 4C ). All 3 parameters were quite normal in tetraploid roots throughout the treatment periods ( Figure 4A-C) . Nearly 4-to 5-fold decrease in GSH Cd content (µg g -1 dry weight) in diploid, triploid, and tetraploid roots 7 days after CdCl 2 treatment (0, 5, 10, 25, and 50 µM). Error bars represent means ± SE (n = 6). Different small letters denote significant differences by ANOVA followed by Duncan's multiple range test at P < 0.05. Figure 3 . Changes in activities of: A-SOD, B-APX, C-MDHAR, D-DHAR, E-GR, F-CAT in diploid, triploid, and tetraploid genotypes of Lathyrus sativus 7 days after CdCl 2 treatment (5, 10, 25, and 50 µM) and the control (0 µM Cd). Error bars represent means ± SE (n = 6). Different small letters denote significant differences by ANOVA followed by Duncan's multiple range test at P < 0.05. level and 2-fold increase in GSSG content was observed in treated diploid roots. GSH content was marginally varied at higher ploidy levels, except at 25 and 50 µM Cd, where GSH content along with its redox state decreased significantly in triploids ( Figure 4D-E) .
In diploids, the E 50 (days) value was 2.0 in the untreated control but significantly (P < 0.05) increased to 2.8 at 10 µM, 3.5 at 25 µM, and 5.2 at 50 µM. The change was dependent on Cd concentration and not exposure time. Compared to the control (E 50 = 2.2), an increase in E 50 (days) values was recorded in triploids at 25 µM (2.9) and 50 µM (3.5) after 7 days. E 50 values varied nonsignificantly (P > 0.05) in tetraploids across the treatments in relation to the control (E 50 = 2.3).
MI varied significantly (P < 0.05) across concentrations but not by exposure time (Table 1 ). In diploids, it declined sharply from 10 µM, and the lowest value in each exposure time was recorded at 50 µM (Table 1) . Phase distribution patterns began to shift significantly (P < 0.05) towards prophase at elevated concentrations(25 and 50 µM) and times of exposure. Both MtI and AI in diploid roots were significantly decreased while PI was increased over the control. In triploid roots, the lowest MI was recorded at 50 µM. Phase distribution was quite normal in triploids ), E-redox state of GSH [GSH/(GSH + GSSG)] in diploid, triploid, and tetraploid genotypes of Lathyrus sativus 7 days after treatment with 5, 10, 25, and 50 µM of CdCl 2 and the control (0 µM Cd). Error bars represent means ± SE (n = 6). Different small letters denote significant differences by ANOVA followed by Duncan's multiple range test at P < 0.05. for 3-and 5-day periods across the treatments, but it tilted significantly (P < 0.05) in favor of prophase from 25 µM Cd (7 days) at the expense of mainly metaphase (Table 2 ). In tetraploids, MI value was the highest among the 3 ploidy levels, and phase distribution was absolutely normal (Table 3) . In general, a dose-dependent increase in frequency of cells showing diverse chromosomal aberrations including hypoploids (2n = 2x -1 = 13) was observed in diploid cells ( Figure 5A-F) . Compared to the control, c-mitosis was higher in diploids after 3 days, but the frequency of cells with either chromosome breaks or sticky chromosomes increased markedly at 5 and 7 days. In both triploid and tetraploid cells, c-mitosis was not observed, but sticky chromosomes, breaks/fragmentation, and bridge formation appeared in triploids at 25 and 50 µM Cd and in tetraploids at 50 µM at 7 days ( Figure 5G -L). Total percentage of anomalous cells among concentrations varied significantly (P < 0.05) in diploids across 3-7 days, in tetraploids after 7 days, and in triploids after 5 and 7 days of exposure (Tables 1-3) .
Compared to the control (CMA-rich region: 31.60%, DAPI region: 4.40%), the CMA-banded region decreased by about 2-fold while the DAPI-banded region increased considerably (3.5-fold) in diploid chromosomes at 10 µM Cd (not shown in figures), and breakage started to occur from 25 µM ( Figure 6A-F) . The CMA-region remained unchanged in the NOR chromosome (chromosome 1), but 2 DAPI-dots appeared on it at 25 µM ( Figure 6B, E) . Breakage of the NOR chromosome, however, was observed as 2 large CMA blocks at 50 µM after 7 days ( Figure 6C ). At higher doses and durations (25 and 50 µM, 7 days), chromosome breaks began to appear significantly, but the DAPI fragments were much higher in number than CMA fragments in diploid cells ( Figure 6C, F) . In treated triploid cells, many of the chromosomes, particularly those having normally high CMA-banded regions (chromosomes 1, 3, 6, and 7), remained intact ( Figure 6G-J) . The rest of the chromosomes, however, underwent breakage and DAPI + fragments appeared at higher frequency than CMA + at 50 µM and 7 days ( Figure 6I-J) . The distribution pattern of both CMA and DAPI regions/dots was quite normal in tetraploid cells, except for a marked increase in the CMA + region in almost all chromosomes at 50 µM after 7 days ( Figure 6K-L) . Compared to the control (35% CMArich, 5.0% DAPI-rich), the increase was 3-to 5-fold in 28 tetraploid chromosomes. However, some CMA -/DAPI + fragments were also conspicuous in tetraploid cells at 50 µM and 7 days, and 12 out of 14 pairs of chromosomes were found intact at this stage ( Figure 6M ). Individual chromosomes of untreated tetraploids exhibited banding of DAPI identical to that of the basic diploid ( Figure 6D ), and thus only the decrease of DAPI + regions is presented in Figure 6M for comparison.
In the control, MNs were not formed in diploid roots, but occurred in very low frequencies in triploid and tetraploid roots. Frequency of MNs in diploids was significantly higher than in triploid and tetraploid cells after 5 and 7 days of treatment (Tables 1-3) , and they were even found in interphase and prophase ( Figure 7A-C) . In all ploidies, MNs were visualized only after DAPI staining as CMA -and DAPI + ( Figure 7D -E).
Discussion
Effect of Cd on root growth and GSH redox pool
Response of grass pea genotypes to Cd treatment was studied at diploid, triploid, and tetraploid levels in the present investigation. The first visible effect of Cd-induced toxicity was the inhibition of root growth, manifested as reduced length and biomass in diploids across doses and durations of treatment and in triploids only at 25 and 50 µM after 7 days of treatment. Absence of any such symptom in tetraploid roots strongly indicated their highest tolerance to Cd exposure. This is despite the fact that Cd was accumulated at the highest level in tetraploid roots, followed by triploids and then diploids. The Cd toxicity level greatly varies in plant species, even at the intraspecific level. Legume crops are less tolerant to Cd toxicity than cereals and grasses and frequently encounter strong inhibition of biomass production in less-than-micromolar ranges of Cd (Metwally et al., 2005) . Significant genotypic differences in toxicity tolerance were observed in 99 pea genotypes under 5-50 µM Cd (Belimov et al., 2003; Metwally et al., 2005) , a lentil genotype exposed to 20 and 40 µM Cd (Talukdar, 2012b) , Brassica species (Tickoo et al., 2007; Bauddh and Singh, 2011) , and cereals and many other crop plants (Tran and Popova, 2013) . Modulations of the interrelated network of physiological and molecular mechanisms, such as 1) metal uptake, intercellular transport, and accumulation; 2) efflux of metals from cytoplasm to extraplasmatic compartments including vacuoles through complexation with various substances, especially thiol-containing phytochelatins and metallothioneins; 3) the nature of antioxidant defense response and detoxifications; and 4) coordinated response, activation, or modification of metabolic functioning and rapid repair of damaged cell structures under the guidance of nuclear and/or epigenetic genome, have primarily been attributed to differential levels of toxicity of heavy metals like Cd in different plants (Metwally et al., 2005; Rodríguez-Serrano et al., 2009; Dai et al., 2013; Hussain et al., 2013; Cansaran Duman et al., 2014; Talukdar and Talukdar, 2014b) . In non-hyperaccumulating plants, metals/metalloids are often immobilized and sequestered Figure 5. Root mitotic chromosomal anomalies induced by CdCl 2 treatment: A-normal 2n = 2x = 14 chromosomes with NOR chromosomes (→) at metaphase, B-stickiness (7 days), C-C-mitosis (3 days), D-chromosome breakage (3, 5 days) with arrow (→) indicating fragments, E-anaphase bridge broken with laggard (→) indicated, F-hypoploid (2n = 2x -1 = 13) cell (3, 7 days) at metaphase in diploid, G-sticky metaphase, H-chromosome breaks (some representatives marked with arrow, →) at metaphase, I-anaphase bridge marked (→) in triploid (7 days), J-chromosome stickiness, K-breaks with some representative fragments marked with short arrow (→) and an intact chromosome with long arrow (→) at metaphase, L-anaphase bridge with a lagging chromosome (long arrow), complete bridge (short arrow), and a broken bridge (arrow head, ►) in tetraploid plants (7 days) of Lathyrus sativus. Scale bars = 10 µm. into root vacuoles of tolerant genotypes to prevent their upward movement and subsequent interaction with cellular components in photosynthetic parts (Tran and Popova, 2013) . GSH plays a pivotal role in this process (Noctor et al., 2011; Dai et al., 2013) . Higher levels of total glutathione content (GSH + GSSG) and its redox state (>0.9) throughout the treatments presumably helped tetraploid roots to keep redox balance in favor of a reducing environment and to withstand Cd-induced inhibition of root growth much better than triploid and diploid plants. In Sedum alfredii, Cd inhibited root growth through induction of oxidative stress in a non-hyperaccumulating ecotype, whereas high GSH-redox stimulated antioxidant defense in a hyperaccumulating ecotype to maintain root growth (Tian et al., 2012) . Presumably, favorable GSH redox in the present tetraploids maintained root growth by promoting cell cycle progression in actively growing root tissues, as has been studied in mutants of Arabidopsis, pea (Tsyganov et al., 2007; Lv et al., 2013) , and a GSH-deficient gshL-1 mutant of grass pea (Talukdar, 2012d) . Obviously, the declining GSH level in the present diploids, and partially in triploid roots, failed to prevent Cd-induced root growth inhibitions. Although the exact mechanism awaits further investigation, obesity of genomes in the form of polyploidization effectively accumulated Cd but at the same time buffered the loss of GSH molecules under Cd treatment.
Effects of Cd on antioxidant capacity
Cd-induced root growth inhibition due to low GSH level is intimately associated with alterations in antioxidant defense capacity (Talukdar, 2012b; Tian et al., 2012; Xue et al., 2013) . The upward trend of SOD activity in all 3 ploidy levels exposed to Cd may be attributed to the increased production of superoxide radicals and early response of the enzyme to contain it. Although SOD constitutes the first line of defense against ROS, it generates hydrogen peroxide, another ROS in aerobic cells (Mittler et al., 2004; Noctor et al., 2011; Aydın et al., 2014) . Despite a parallel rise of SOD activity, root H 2 O 2 level was not consistent across the 3 ploidy levels; it was consistently high in diploid roots but normal in tetraploids. In triploids, H 2 O 2 level was almost normal at 10 µM, but then increased manifold at elevated Cd concentrations. Significant decline in APX and GR activities accompanied by high SOD in diploids at 10 µM badly impeded scavenging of H 2 O 2 on one hand and recycling of GSH on the other hand, resulting in an abnormal rise of H 2 O 2 levels and the lowering of GSH redox (0.2-0.3 across 10-50 µM), despite normal (close to control levels) activities of CAT, MDHAR, and DHAR. Consequently, the membrane was damaged due to enhanced lipid peroxidation (MDA), marking the onset of oxidative stress in diploid roots. Cd-induced oxidative stress was reported in legumes (Sandalio et al., 2001; Pandey and Singh, 2012) , cereals (Amirjani, 2012; Hussain et al., 2013) , and many other plants (as reviewed by Tran and Popova, 2013) . In triploids, high SOD activity coupled with low ROS-scavenging capacity from 25 µM onwards led to marked increase in H 2 O 2 content, although MDA level was not increased to the diploid level. The rise of H 2 O 2 may be due to its dual roles performed in the present material: it exacerbated oxidative damage in diploids but served as a critical control point for modulation of antioxidant enzyme activities to minimize oxidative damage in the triploid genome, as explained earlier in the H 2 O 2 -mediated signal transduction process of stressed plants (Rodríguez-Serrano et al., 2009; Talukdar, 2012b Talukdar, , 2013c . Efficient ROS management was found responsible for low oxidative damage in Sedum alfredii L. (Tian et al., 2012) and Pisum sativum L. (Tsyganov et al., 2007 Both MI values and phase indices were quite normal in the mitosis of tetraploid roots, leading to completely normal root growth across treatments. Results indicated a more pronounced effect of Cd treatment on mitotic activity of diploid cells than that in higher ploidies. The increasing amount of cells in prophase resulted from total inhibition of dividing cells to enter into the subsequent stages, indicating a complete stoppage of the cell cycle due to the mitodepressive effect of Cd on grass pea, as explained earlier in Cd-treated Pisum sativum L. (Fusconi et al., 2007) and in grass pea roots treated with Lantana camara L. leaf extract (Talukdar, 2013b) . Cd treatment also triggered arrays of chromosomal aberrations in dividing root tip cells, with the severest effect on diploids, followed by triploids and then tetraploids. Interestingly, low concentrations (5-25 µM) but longer durations of treatment cause aberrations like chromosome stickiness, breaks, and ana-/telophase bridge formation. Stickiness is reported to be an irreversible consequence of defective functioning of peripheral nuclear proteins, especially DNA topoisomerase II, interfering with chromosome segregation (Ventura-Camargo et al., 2011) . Pertinently, the present Cd-treated diploid cells with high frequencies of chromosome stickiness displayed failure in free anaphase separations, resulting in chromosome bridges, laggards and breaks, or fragmentations at much higher frequency than in triploids and tetraploids. Consistent occurrence of hypoploid cells and MN formation in diploids might be the consequence of lagging chromosome(s) and its elimination in subsequent cycles, revealing the aneugenic effect of Cd 2 + and severe spindle disturbances. Manifestation of MNs as DAPI + /CMA -at high frequency in diploids indicated presence of ATrich repetitive sequences, the role of which is suspected to be induction of chromosome fragmentation during Cd exposure. Besides, high lipid peroxidation might delay mitosis by damaging the membrane transport and contributing to the increase in MN formation in diploids in a direct relationship between lipid peroxidation and MN formation under metal stress (Ünyayar et al., 2006) . Certainly, the present triploids and tetraploids were better fit to absorb these disturbances, ensuring a low level of MN formation despite higher Cd accumulation than diploids. 4.4. Cd-induced alterations in DNA base repeats ROS-mediated alteration in DNA base organization was cited as one of the primary reasons for Cd-induced genotoxicity in plants (Jin et al., 2003 ). Increase of DAPI-banded regions at the expense of CMA in present diploids at 10 µM suggested transition of the GCrich region to AT even at low Cd exposure. In triploids, this transition occurred only at 25 and 50 µM after 5 and 7 days, but at a comparatively lower magnitude than in diploids. Absence of any intact chromosome in diploids after 7 days at 50 µM and occurrence of chromosomes 1, 3, 6, and 7 with high CMA-rich regions as intact in triploids indicated that, in contrast to diploids, GC-rich repeats conferred partial stability of triploid genomes against Cd exposure. On the other hand, CMA-stained regions enhanced considerably with concomitant reduction in DAPI-stained regions in 12 out of 14 pairs of chromosomes of tetraploids, indicating transition of the AT-to GC-rich region in major portions of Cd-treated tetraploid genomes. Presumably, the gaining of the GC region somewhat prevented chromosome breaks/fragmentation in tetraploid cells in response to Cd treatment, and chromosomes with low GC possibly underwent breakage. The importance of being GC-rich was also evidenced in the behavior of NOR chromosomes in the 3 ploidy levels. NOR was carried by chromosome 1, the largest in grass pea possessing a huge terminal GC-rich region without any AT-rich portions (Talukdar, 2010c) . This chromosome remained intact in diploids even at 25 µM after 7 days of treatment (data not presented) but then gained 2 DAPI dots in a proximal region and underwent breakage at 50 µM, leaving 2 large CMA-stained blocks intact. The NOR chromosome remained intact in both triploids and tetraploids and no DAPI dots/blocks were visible at any stage of treatments. Frequent occurrence of DAPI-stained fragments in diploid cells indicated that breakage of chromosomes presumably involved conversion of GC to AT in response to Cd. The potential of Cd to induce DNA base transitions was also revealed in Saccharomyces cerevisiae L. exposed to CdCl 2 (Jin et al., 2003) . The GC preference by higher plants has often been regarded as an ancient mechanism of adaptation (Ho et al., 2008) and might be due to ROS-based mutation or biased gene conversion (Ibarra-Laclette et al., 2011) . In the present study, GC preference was accompanied with stress tolerance in tetraploids and partially in triploids, while its loss in diploids was manifested as severe sensitivity to metal treatment. However, the mechanism by which Cd induced this base transition in completely reverse ways at different ploidies warrants further study.
For the first time, Cd-induced chromotoxicity and oxidative stress response was studied in grass pea with different ploidy genomes. The notable thing is that the changes in cytogenetic parameters including fluorescence study at a particular concentration remarkably coincided with the level of different stress parameters in all 3 ploidies. This suggests a cascading effect of Cd-induced oxidative disturbances on mitotic cell divisions and molecular organization of individual chromosomes. Diploid plants suffered most from Cd-induced oxidative stress, followed by triploid plants. The highest tolerance, however, was manifested by tetraploid plants. Tetraploid roots accumulated higher levels of Cd than diploids, indicating possible involvement of Cd accumulation in onset of oxidative damage in diploid roots but its effective detoxification by genomes at higher ploidies.
